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Abstract

Shape representation is an integral part of any shape optimization problem. This representation is usually used in generating the geometric model, referred to as the CAD model that is used later on for generating the computational mesh used in e.g. aerodynamic, thermodynamic or structure simulations. Geometry representation can be feature-based, design parameter-based, global or local, parametric or point-wise. This paper presents and assesses different geometric representations of axial turbine and compressor blades used in gas turbines, and their effect on the design space and the optimization process.

1.0
introduction

The shape representation that is used in a given application should be accurate, flexible and robust; it should involve the minimum number of design parameters (unless an adjoint-based optimization method is used), these parameters are lately used as design variables. Such representation should also be suitable for the intended application, i.e. it should relate to the design parameters and should preferably use a CAD-native parameterization either directly or through e.g. an Application Programming Interface (API). In this paper, we will demonstrate that the geometric representation can make the optimization approach more efficient, moreover it can reduce the complexity of a given design problem.
The applications that are considered in this work are at the component level optimization, e.g. a single or multi-stage turbine or compressor with single or multi-objective. Shapes include airfoils in two-dimensional (2D) flows and complete blades in three-dimensional (3D) flows. The representations vary from a global low fidelity to a local/global high fidelity representation.
Shape representations take almost as many different forms as the number of researchers using automatic shape optimization. They vary from very simplistic ones to fairly complex ones; these representations vary in flexibility, accuracy, smoothness and generality. One way to categorize them is as follows:

· Point-wise representation of geometries, where the surface mesh (on e.g. the blade in internal flow or the wing in external flow) or a geometric representation thereof [1, 2] are taken as the design variables. This approach is used typically in conjunction with adjoint-based optimization methods since the number of design variables does not affect the complexity of the optimization method. The geometry is smoothed out during the optimization process and, in cases where a geometric representation is used, the modified surface mesh is propagated into that geometric representation using a basis space of independent perturbation functions of the Hicks Henne type. Examples of this approach are given in Reuther and Jameson [1] for external flow and in Wang et al. [2] for internal flow.

· Feature-based polynomials, where the geometry is represented by a summation of polynomials that are constructed so as to capture some required geometric features. This approach was introduced by Kulfan [3] and was applied to airplane wings. For example, if the wing is required to have a round leading edge (at x=0), then the polynomial would have a 
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behavior near x=0.

· Design parameter-based representation, where the blade parameters (e.g. blade angles, wedge angles, throat area, blade thickness, etc…) are used to generate the blade shape. Examples of this approach to construct axial turbine blades are given in Pierret and Van den Braembussche [4], Öksüz and Akmandor [5] and Mengistu et al. [6]. These approaches generate the blade geometry based on specifying most of the blade parameters and choosing geometric representations to blend these parameters into one blade shape 

· Parametric representations using Non-Uniform Rational B-Splines (NURBS) or a subset thereof such as B-splines or Bezier curves, can represent parametrically almost any geometry to the required level of accuracy, moreover they are becoming the industry standard in shape representation, however it is rather difficult to incorporate geometric features into these representations.

The 2nd and 3rd approaches have some similarities however they differ in terms of the implementation. This paper focuses on the last two representations namely, the design parameter-based and the parametric representations. After presenting the two approaches to approximate the blade shapes, examples of their use in different blade shape optimization problems will be demonstrated for 2D airfoils and 3D blades, for axial compressors and turbines, for single and multi-objective optimization.
2.0
design parameter-based representation

In the global - low fidelity - representation the airfoil is composed of a few sections, each is represented by a low order polynomial that assumes continuity of the shape and the slope with the neighboring sections. This representation is global in the sense that changing any point will affect the entire airfoil shape. In a local/global – high fidelity – representation the airfoil is represented parametrically by a continuous curve such as a Non-Uniform Rational B-Splines (NURBS), a B-splines or a Bezier curve. The global – low fidelity- representation is addressed in this section and the high fidelity one is presented in the next section.
Mansour [7] developed a relatively simple but realistic and practical model for turbine blade geometry representation. The model, identified as the Modified Rapid Axial Turbine Design (MRATD) has its roots in the work of Pritchard [8]. The MRATD model is not only very simple and straightforward to use, it also provides a minimum set of design parameters that can be used to obtain an extensive family of turbine blade profiles. Mansour [7] started with the eleven geometric parameters suggested by Pritchard [8] and added five more as described below. The model basically breaks down the blade into five distinct regions composed of the leading and trailing edge arcs, the suction and pressure side surfaces and the uncovered part of the blade suction surface all of which are conics, see Fig. 2.1a. The 16 geometric parameters are necessary and sufficient in order to model an axial turbine blade using conics. These parameters include: the airfoil radial location, axial and tangential chords, inlet blade and wedge angles (2 for each wedge angle), exit blade and wedge angle, LE ellipse and TE circle, unguided turning, maximum thickness and its location, number of blades, and throat area, see Fig. 2.1b. With the parameters mentioned above, it is possible to determine the locations of the five key points shown in Fig. 2.1a, joining the five blade regions. Moreover, by imposing C0- and C1-continuity of the blade profile at the intersection points, it is possible to determine uniquely the blade shape; more details are given in Mansour [7].

Compared with Pritchard model [8], the MRATD model provides good control on the blades suction and pressure surfaces by splitting the LE and TE wedge angles each into two half angles, which allows an independent modification of these surfaces. A thickness parameter was added so as to allow the optimizer to adjust the suction side profile so as to reach the blade given thickness thus keeping the profile from assuming unrealistic forms. These changes improve the curve smoothness, increase model flexibility, and eliminate most unrealistic shapes. Another important capability of the MRATD model is the choice of leading edge shape, which can be circular as in the original model or elliptical as in current practice. This feature allows for a smoother curvature transition between the leading edge and the pressure and suction sides, and from an aerodynamic point of view, it allows the flow to adjust better to incidence angles. These features of the MRATD model eliminate infeasible airfoil shapes, hence limiting the design space to feasible shapes only.
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Figure 2.1: Modified Rapid Axial Turbine Design (MRATD) model
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Figure 2.2: MRATD representation of typical axial turbine airfoils

With the above-mentioned features, the model becomes suitable for implementation in an automatic shape optimization scheme. The flexibility of the MRATD model is clearly demonstrated from its ability to capture a wide range of existing blade profiles shown in Fig. 2.2.

3.0
parametric representation using nurbs or b-splines

NURBS curves combine high fidelity at the global as well as the local level. They can be used to describe accurately any curve while providing local control over the shape. They are becoming the industry standard and are available in most CAD systems. For a more detailed account of NURBS, Piegl and Tiller [9] provide an interesting and simplified approach to this sometimes-confusing topic. NURBS, or Non-Uniform Rational B-Splines, are defined as:
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(3.1a)
Where 
[image: image8.wmf])

(

u

C

r

 are the x- and y-coordinates of the curve being generated, n is the number of control points
[image: image9.wmf]i

P

r

, wi the weights and Ni,p(u) is the basis function computed based on the knots u. The value of Ni,p(u) is based on two variables, the knot value u, as well as the degree of the function p and is defined as:
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(3.1b)
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for p > 0
(3.1c)
The key feature of a NURBS curve is that its shape is determined and controlled by the set of control points and the corresponding weights. Moreover, placing and moving either one or more of the control points, the knots or the weights can accomplish either a local or a global change of the target shape. A NURBS curve also represents exactly conics, e.g. circles, ellipses, cylinders, cones. This implies that NURBS functions can represent exactly a much wider family of curves compared with what B-splines or Bézier curves can represent, while simultaneously ensuring the profiles smoothness.
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Figure 3.1: NURBS basis function (left) and NURBS control polygon and curve (right)
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Figure 3.2: NURBS representation of axial turbine airfoils

Examples of NURBS with C2 continuity in representing some typical turbine airfoils are shown in Fig. 3.2, where the approximation of the airfoil shape is accurate to within machining tolerance.
In the following sections, the different approaches to shape representation are used in optimizing compressor and turbine airfoils in 2D flow and full blades in 3D flow. The optimization methodology consists of coupling a Genetic Algorithm GA with a Response Surface Approximation RSA of the Artificial Neural Network type ANN. A CFD solver is used as a high fidelity flow simulation tool to generate the data base needed to train and test the ANN model that is used to generate an approximate value for the objective function during the GA iterations. Figure 3.3 shows the cascade notation and computational domain.
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Figure 3.3: Cascade notation and computational domain

4.0
Compressor Airfoil Optimization using NURBS

Examples of two compressor airfoils are hereby presented: one is an in viscid transonic flow cascade that is optimized using Euler Equations coupled with GA (without involving ANN). The second case is that of a viscous subsonic cascade that is optimized using the RANS Equations coupled with GA and ANN.
The compressor airfoil is represented by the airfoil camber line f(x) which controls the flow turning hence pressure loading, and thickness T(x) which allows for satisfying structural constraints, see Fig. 3.3. NURBS curves are used to represent f(x) and T(x) with 11 and 9 control points, respectively. The y-coordinates of these control points are used as design variables so that the airfoil is controlled by 17 design variables.
Multipoint optimization was carried out for the transonic flow cascade and resulted in an improvement in maximum efficiency of about 1.7%, while the shape has changed very slightly, as shown in Fig. 4.1, which is typical of transonic flow airfoils. 
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Figure 4.1: Original and optimized transonic compressor airfoil

[image: image21.wmf]m

a

s

s

f

l

o

w

r

a

t

e

a

d

i

a

b

a

t

i

c

e

f

f

i

c

i

e

n

c

y

0

.

3

0

.

3

5

0

.

4

0

.

4

5

0

.

7

0

.

7

5

0

.

8

0

.

8

5

0

.

9

0

.

9

5

1

O

r

i

g

i

n

a

l

I

m

p

r

o

v

e

d

[image: image22.png]0.6

0.5

0.4

0.3

0.2

0.1

Optimal
Original

Reference
Lower
Upper

Range of airfoil profiles
exploredin the design space

g

[ X T a—





Figure 4.2: Original and optimized subsonic compressor airfoil
For the subsonic flow cascade, multipoint optimization was carried out and ANN was used to reduce the number of CFD computations hence the CPU time. The optimization resulted in an improvement in the compressor isentropic efficiency over the entire operating range, while the shape has also changed very slightly except for the hook-shaped trailing edge TE. Note that this feature was not present in any of the data base cases used in training the ANN. More details on these cases can be found in Temesgen and Ghaly [10].

These two cases reflect the ability of NURBS to represent airfoils rather effectively and to allow for sweeping the design space, achieving a good improvement in efficiency and capturing a geometric feature that was not present in the original blade.

5.0
Turbine Airfoil Optimization using MRATD and nurbs

The optimization of a turbine airfoil is carried out successively at two geometric levels: it is carried out 1st at the global shape representation level that is a feature-based representation and is based on the design variables; the resulting profile is then refined locally using a high fidelity shape representation using NURBS, B-splines or a subset thereof.
In the global-shape representation, the airfoil is represented by the feature-based representation called MRATD model, presented in Sec. 2, where the MRATD parameters are also the aerodynamic design variables. By construction, the MRATD model eliminates infeasible airfoil shapes. The design parameters are: the number of blades and their radial location, axial and tangential chord, throat, unguided turning, TE radius, inlet and exit metal angles, SS and PS inlet wedge angle, SS and PS exit wedge angle, maximum blade thickness, major and minor diameters of the LE ellipse.
The design intent is to reshape the airfoil suction side so as to improve the aerodynamic efficiency. The optimization variables affecting the suction side are identified as all variables affecting the airfoil suction side, which amount to 6 variables. Moreover, the optimization parameters, being also the design parameters, allow for a physical interpretation of the performance improvement in terms of the design parameters. The optimization results, given in Fig. 5.1, show an improvement in efficiency that is associated with a significant change in shape with as low as 6 design variables. This change could not be accomplished with e.g. a NURBS representation of the airfoil profile, and would not satisfy the designer parameters.
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Figure 5.1: Original and redesigned airfoil using global-shape representation: the MRATD
Local refinement of the airfoil shape can be done in a second phase where regions of potential improvement are identified and are parameterized using NURBS, in this case the improvement region is on the suction side in the first half of the airfoil. With this local change, an additional gain in efficiency is obtained with as low as 6 design variables controlling the local region. See Mengistu et al. [11] for more details.
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Figure 5.2 Original and redesigned airfoil after a local refinement using NURBS
6.0
Blade Representation in 3D Flow

In axial turbines and compressors, the blade is usually defined by several airfoil sections located at different spanwise locations; these airfoils are stacked in the spanwise direction and are used to generate the 3D blade profile. (The representation of the stacking line is discussed in the next section.) When the airfoil sections are optimized to the desired accuracy, a 3-D blade shape can be generated using a technique known as skinning technique [9], where the blade shape is approximated as:
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(6.1)
Where S(u,v) are the x- y- and z-coordinates of any point on the blade surface being generated, n and m are the number of control points Pi,j in the u- and v directions, wi,j the weights, and Ni,p(u) & Nj,q(v) are the basis functions computed based on the knots u and v. The value of Ni,p(u) (or Nj,q(v)) is based on two variables, the knot value u (or v), as well as the degree of the function p and is defined in Eq. (3.1). 

The skinning technique [9] is a simple and intuitive technique to pass a surface through a family of curves that are represented with NURBS or B-splines. For optimization purposes, Polifroni and Ghaly [12] showed that the use of the skinning technique coupled with compatible B-splines [9] to represent the airfoil sections is one of the best approaches to generate the blade surface. They also devised an approach [12] to minimize the number of control points in the resulting approximation of the blade surface. When it was tested with NURBS, the skinning technique produced a smooth surface, Fig. 6.1a, but generated wavy (nonphysical) two-dimensional profiles (Each of these profiles corresponds originally to a constant radius), see Fig. 6.1b. For this reason B-splines were used to represent the 2D airfoils and, for typical axial turbines, compatible B-splines with around 45 control points per airfoil section gave approximation errors within manufacturing tolerance. As a check on the accuracy of the skinning technique, the resulting blade shape reproduced the original 5 sections used in generating the blade surface and showed that all intermediate sections fall at a constant radial location, which is true but it was not explicitly enforced, see Fig. 6.1c. A program was also written [12] in order to produce an IGES file from the given NURBS data. (IGES files provide a means of information exchange between Computer Aided Design (CAD) systems.) Once an IGES file is produced, one can view the 3-D blade surface in CAD packages such as CATIA.
At this point, we see that the 2D airfoil sections can be generated using either the MRATD approach which is a design-parameter-based global approach or using NURBS (or B-splines) and the 3D blade profile can be generated using the Skinning technique with compatible B-splines, which are the industry standard for geometry representation so that the blade shape can now be described fully in any CAD system.
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(a) NURBS

(b) NURBS, close-up of LE region

(c) B-splines

Figure 6.1: 3D blade generation using the skinning technique with NURBS (a) and B-splines (b)
7.0
blade Staking and stagger Representation using QRBC

For axial turbines and compressors, the blade profile is generated by stacking the airfoil sections in the spanwise direction (hub to tip direction). The design of 2D airfoils is rather well understood however the effect of the stacking curve and the spanwise variation of stagger angle, which are the lead parameters affecting three-dimensional flow features, are less understood; therefore they are taken in the present paper as the design variables for optimizing the blade performance in 3D flow.
The base line case is that of a single stage low speed axial turbine stage that was designed and tested in Hanover, Germany, and is referred to as the E/TU-3 turbine stage, see [13]. It is considered for performance improvement through restacking and re-staggering the rotor and stator blades, while keeping the same 2D airfoil sections unchanged. A sketch of the E/TU-3 turbine stage is given in Fig. 7.1.
Three-dimensional flow features are controlled by changing the blades stacking line and stagger angle distribution. In the absence of any guide lines to set the stacking line, it is usually taken as a straight line going from hub to tip and passing through the airfoil CG for rotor blades or the TE for stator blades. As for the blades stagger angle, there are some design criteria based on the chosen spanwise swirl distribution however, these criteria do not incorporate 3D flow effects.
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Figure 7.1 E/TU-3 Single stage low speed turbine [13]

7.1
Quadratic Rational Bezier Curve (QRBC)
The stacking curve and the blades spanwise stagger distribution are represented by a Quadratic Rational Bezier Curve (QRBC) which is a NURBS curve with three control points and a quadratic basis function.
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where 
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gives the Cartesian (or cylindrical) coordinates of any point on the stacking curve in terms of the parameter u, 
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 is the Cartesian (or cylindrical) coordinates of control point i. The QRBC is a smooth second order curve that represents exactly any conic curve e.g. an ellipse, a parabola, a circle or a hyperbola.

The blade lean, sweep and bowing intensity are used as aerodynamic design variables. In the next sections, they are represented in terms of the QRBC parameters namely P1, P2 and w1, so that the design space is identified and the optimum shape is interpreted in terms of the design variables.

7.2
The QRBC representation of the stacking line

Based on the QRBC representation given in Eq. 7.1, the QRBC parameters namely, Pi, and wi for i=0-2, can be selected to parameterize the stacking curve. P0 is fixed at some point on the hub surface (e.g. blade center of gravity for rotor or blade leading edge for stator) and P2 moves on the tip surface, i.e. without loss of generality, the coordinates of P0 and the radial coordinate of P2 are fixed. Since P0 and P2 are the curve endpoints, w0 and w2 are set to 1. Control point P1 and its weight w1 affect the blade bow (as discussed in the next paragraph) however since the inlet blockage for the E/TU-3 turbine stage is negligible, w1 was set to 0 hence excluding bow from the list of design variables. Table 7.1 summarizes the fixed and the varying parameters in the QRBC representation of the stacking line.

Figure 7.2a shows the lean angle , which is set by the circumferential coordinate of P2. According to Fig. 7.2b, the sweep angle is defined as , and is controlled by the axial coordinate of P2. Figures 7.2c and 7.2d show the blade bow which can be controlled by the circumferential and radial coordinates of P1 as well as the weight w1. The circumferential coordinate of P1 is controlled by the angle P1-P0-P2 as shown in Fig. 7.2d. When the blade is leaned towards the suction side it is a positive lean and when it is swept backward it is a positive sweep. With this set up of the QRBC parameters, we end up with 5 design variables per blade row namely the lean angle, sweep angle, the percent span at P1 which specifies its radial location, the angle  which specifies circumferential location of P1 and the bowing intensity which is measured by w1. Table 7.2 lists the QRBC parameters and the corresponding design variables.
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(b) Sweep
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(c) Bow: Radial position of P1



(d) Bow: Tangential position of P1
Figure 7.2 Stacking curve parameterization using QRBC

	QRBC Parameters
	Varying
	Fixed

	P0
	
	r0, 0, x0

	P1
	r1, 1
	x1

	P2
	2, x2
	r2

	w0 and w2
	
	1

	w1
	
	0


Table 7.1: Optimization parameters classification for the stacking line

	Design variables
	QRBC parameters
	Symbol

	Sweep angle
	x-cd. of P2
	°

	Lean angle
	-cd. of P2
	°

	Bow shape in r-dir.
	r-cd. of P1
	°

	Bow shape in -dir.
	 -cd. of P1
	°

	Bow intensity
	weight at P1
	w1


Table 7.2 Stacking line design variables in terms of the QRBC parameters

7.3
Stagger angle representation using QRBC

Figures 7.3 represent the control polygons of QRBC for both stator and rotor. Control points P0, P1 and P2 are assigned at hub, mid-span and tip, respectively, and the design variables are given by the stagger angles at the same spanwise locations, which are the ordinates of the control points in the QRBC. Therefore the blade stagger is generally parameterized with only three stagger angles. In the present work, the stator stagger is taken to be varying linearly, see Fig. 2.b, and is represented by fixing P1 and varying P0 between ±5°. This choice of stagger variation ensures that the stator throat area can be kept approximately constant so as to have a fair comparison between the original and the optimized stage. The rotor stagger angle distribution, plotted in Fig. 7.3a, is represented with three control points that are given by the stagger angles at hub, mid-span and tip; all three angles are allowed to change during optimization. Hence we end up with 4 design variables to describe the variation for stagger for both rotor and stator.
7.4
The E/TU-3 turbine stage redesign

The E/TU-3 is a single stage, subsonic, low speed, axial turbine that was designed and tested in Hanover, Germany. The stage performance was optimized by re-stacking and re-staggering the blades, which implies varying the blade lean, sweep, bow and stagger, the 2D airfoils moved but their shape was kept unchanged.

Table 7.2 shows that the stacking line is defined by 5 design variables per blade row, i.e. 10 for a stage. The sensitivity analysis carried out in [14] showed that, for this turbine stage, the most important ones are the rotor and stator sweep and lean while the blade bowing for both stator and rotor were not considered (due to the low blockage at stage inlet); so that the stator and rotor stacking profiles are represented by 4 design variables. The stagger angle distribution for the stator and rotor profiles is determined by 4 design variables that are described in Sec. 7.3. Therefore we end up with a total of 8 design variables that are given in Table 7.3, together with the resulting optimum stage efficiency.
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Figure 7.3 Blades stagger angle parameterization with QRBC

This reduction of design variables is somewhat restrictive for the stacking line, however it resulted in reducing the number of CFD flow simulations required to carry out the ANN-based GA optimization to as low as 36 CFD simulations. Full details of this optimization case including the physical implications of the resulting optimum stacking line and stagger distribution on the flow field and stage performance are given in Arabnia and Ghaly [15].

Optimization was carried out for 2 cases: design point optimization with single objective (Case 1) and multi-objective (Case 2). Table 7.3 shows that the optimum efficiency increased from 87.18% for the original case to 88.30% and to 89.09% for Cases 1 and 2; an increase of 1.12% and 1.89% which is a sizable increase, with as low as 8 design variables.
	
	s°
	s°
	s,h°
	r°
	r°
	r,h°
	r,m°
	r,t°
	tt
	tt

	Min.
	-36
	-10
	40
	0
	-10
	12
	22
	38
	-
	-

	Max.
	0
	10
	50
	20
	10
	22
	38
	48
	-
	-

	Original
	-7.3
	6.9
	45
	0
	0
	16.8
	30.3
	43.8
	87.18%
	-

	Case 1
	-35.1
	3.6
	49.8
	8.6
	-9.7
	21.8
	36.6
	39.6
	88.30%
	1.12

	Case 2
	-31.5
	-7.9
	45
	10.4
	2.3
	20.3
	35.8
	46.8
	89.09%
	1.89


Table 7.3: Design point optimization parameters and isentropic efficiency
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Figure 7.4 Case 1: Design point optimization of total to static efficiency 
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Figure 7.4 Case 2: Design point multi-objective optimization of total to total efficiency, streamwise vorticity at stator and at rotor exit planes

8.0
Concluding remarks

Shape representation can improve the efficiency of the optimization approach; it can also reduce the design problem complexity by: a- reducing the number of design variables and b- eliminating infeasible blade shapes. It is critical to pick the ‘right’ representation and the ‘right’ parameterization for a given shape.
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